Ecological factors associated with agricultural production have significantly modified the composition of grasslands and woodlands throughout the
Ecological factors associated with agricultural production have significantly modified the composition of grasslands and woodlands throughout the world (Mack, 1989; Hobbs and Hopkins, 1990; Taylor, 1990; Moore, 1993; McDougall, 1994; Prober and Thiele, 1995) . In Australia, Moore (1993) has noted that these changes have been more marked in the southern temperate regions. In these areas, the combined effects of clearing (removal of trees), grazing, application of fertilizers and introduction (accidental or deliberate) of exotic species have produced a wide range of grassland types. The resultant composition of these grasslands has been influenced by the interaction of these factors and their effects on competitive relationships within the various grassland communities. This review seeks to describe these competitive relationships, using the temperate grasslands and woodlands of south-east Australia as an example.
Vegetation Changes in Southeastern Australian Temperate Grasslands

Past changes
Botanical change in Australian grasslands is closely linked to agricultural development since settlement in 1788. Because of isolation and lack of ungulate fauna, a unique vegetation originally developed in Australia, which was very sensitive to changes in grazing pressure, fertility and the introduction of exotic species (Moore, 1967; Lodge and Whalley, 1989; Mack, 1989; Hobbs and Hopkins, 1990) . This vegetation was characterized in grassland areas by a dominance of taller (mainly warm-season) perennial grasses, together with a wide range of forbs (Norton, 1971; Doing, 1972; Benson and Wyse Jackson, 1994; McDougall, 1994; Prober, 1996; Eddy et al., 1998) . There were few legumes present (Moore, 1970) and, consequently, soil nitrogen (N) levels were likely to have been low (Moore, 1967; Whalley et al., 1978) . This vegetation was adapted to frequent but irregular burning and light grazing by marsupials (Norton, 1971; Fox, 1999; Groves, 1999) . After settlement, livestock and agricultural practices were imported from Europe (Hobbs and Hopkins, 1990; Fox, 1999) . To the European eye, many grassland areas were seen as ideal areas to graze cattle and sheep (Norton, 1971; Benson and Wyse Jackson, 1994) . Open grasslands and woodlands were favoured because these areas did not require removal of trees to provide adequate grass for grazing (Donald, 1970; Moore, 1970; Groves, 1999) . However, as these areas were settled, the areas of grassland were expanded by the practice of felling or ring-barking trees, which allowed the grassy understorey to increase and provide sufficient herbage to make grazing by sheep and cattle feasible. Even allowing for areas that were already open grasslands or woodlands, the area cleared of trees for agriculture is substantial (Wells et al., 1984; Hobbs and Hopkins, 1990; Fox, 1999; Groves, 1999) .
The effects of grazing by sheep and cattle (and by introduced rabbits) on the grasslands and woodlands of Australia were profound (Hobbs and Hopkins, 1990; Wilson, 1990; Groves, 1999) . In temperate south-east Australia, Moore (1970 Moore ( , 1993 has recorded the change from predominantly tall, warm-season to predominantly short, cool-season perennial grasses by this means alone. However, these changes were accelerated by the accidental introduction of cool-season annual grasses, legumes and forbs (Donald, 1970; Moore, 1970 Moore, , 1993 Groves, 1986; Whalley and Lodge, 1987; Lodge and Whalley, 1989) and of a changed pattern of burning (Norton, 1971; Gill, 1975; Fox, 1999) . The annual grasses (particularly those from the genera Vulpia, Bromus, Critesion and Avena), with their high seed production and rapid growth (Moore, 1967; Wallace, 1998) , were very successful invaders of both disturbed and undisturbed grasslands and woodlands (Donald, 1970; Cocks, 1994) . Annual legumes (e.g. Trifolium glomeratum, Trifolium campestre, Trifolium dubium) and weeds (e.g. species of the genera Taraxacum, Hypochoeris, Rumex, Arctotheca, Cirsium and Silybum) were also successful invaders (Moore, 1993; McDougall, 1994) . Many of these species have become naturalized and are common components of native 1 and sown pastures (Doing, 1972; McIntyre et al., 1995) .
Since early settlement, species of European origin have been deliberately introduced into agricultural areas (Donald, 1970; Groves, 1986 Groves, , 1999 Fox, 1999) . In highly fertile areas, these legumes and grasses flourished and became important components of the pastures. However, in less fertile areas, it was not until the use of superphosphate became widespread that highly productive pastures were developed (Donald, 1970) . Two types of pastures became common. First, legumes (principally the annual Trifolium subterraneum and perennial Trifolium repens) were oversown into existing grassland with superphosphate, with the composition of the resultant pastures depending on the interaction between fertility, grazing pressure and competition between existing and invading species. Secondly, mixtures of introduced legumes and grasses (e.g. Lolium rigidum, Lolium perenne, Phalaris aquatica, Dactylis glomerata, Festuca arundinacea) were sown with superphosphate following disturbance by cultivation. In this case, most native perennial grasses were removed and a different set of competitive relationships ensued. In each of these pasture types, the original native perennial grasses were regarded as having limited value, because of poor quality for grazing (Donald, 1970; Donnelly, 1972) or poor adaptation to the changed conditions (Cocks, 1994) . However, recent evidence suggests that, while this is generally so for most warm-season grasses, certain year-long green native perennial grasses show remarkable resilience in the face of introduced European agriculture and have been able to become dominants in both types of pastures (Magcale-Macandog and Whalley, 1991; Garden et al., 1996 Garden et al., , 2000a .
Patterns of change
Botanical change in the temperate grasslands of south-east Australia has been described by Moore (1970 Moore ( , 1993 , Whalley et al. (1978) ; Whalley and Lodge (1987) and Lodge and Whalley (1989) . Over time, native perennial grass composition has changed from a dominance by taller caespitose (mainly warm-season) genera to one with considerably higher amounts of cool-season or year-long green genera. However, the extent of change in botanical composition is more complex than this, and depends on several factors, including original composition, climate, soil type, fertilizer and degree of disturbance (cultivation, sowing of exotic species, grazing pressure). Consequently, the present composition of native grass-based pastures in temperate south-east Australia varies widely.
The direction and speed of change in botanical composition of temperate grasslands depend on whether or not cultivation and sowing of exotic species have occurred. Many descriptions of change (e.g. Moore, 1970; Whalley and Lodge, 1987) consider only the situation where the original grasslands were altered by grazing, fertilizer and invasion of cool-season annuals. Figures 11.1 and 11.2 show the separate (but interrelated) pathways of change that occur for pastures on the southern tablelands of New South Wales (NSW) which have been either originally unsown (Fig. 11.1 ) or cultivated and sown ( Fig. 11.2 ). 1993; Benson and Wyse Jackson, 1994) . However, there is likely to have been local variation, according to soil type and climate, with Aristida ramosa, Bothriochloa macra and Joycea pallida (syn. Chionochloa pallida) being dominants in some cases (Donald, 1970; Doing, 1972; Whalley et al., 1978; Moore, 1993) . The first major change in composition (to Stage II (see Fig. 11 .1)) was from the taller warm-season perennials to shorter cool-season perennials, such as Austrodanthonia spp. 3 and Austrostipa spp. (Donald, 1970; Moore, 1970 Moore, , 1993 Whalley and Lodge, 1987; Lodge and Whalley, 1989) . At the same time, accidentally introduced annual grasses and legumes became part of the communities.
The next change in composition (to Stage III) was caused by further grazing and the application of fertilizer (Fig. 11.1 ). Legumes and annual grasses, increased as a result of the increased soil fertility. While Austrostipa spp. remained, the balance of native perennial grasses shifted more towards Austrodanthonia spp. At the same time, Microlaena stipoides, which was probably a minor component of the original communities, appeared to increase (Lodge and Whalley, 1989) , provided rainfall was adequate (Magcale-Macandog and Whalley, 1991) . On the tablelands of NSW, there are many pastures with this composition today ( Fig. 11.3 ; Garden et al., 1993 Garden et al., , 2000a . Further degeneration of pastures to the final stage shown by Moore (1970) is indicated by the path from III to IV, and results in dominance by annual grasses, legumes and broad- leaved weeds. Although Fig. 11 .1 allows for the possibility of reversion from Stage IV to III, the mechanisms are unclear and it is unlikely to be easily achieved. Moore (1970 Moore ( , 1993 suggests that during the changes described above, there was an ingress of shorter warm-season perennial species from drier regions to the west. There is no question that these species (e.g. Chloris truncata, Panicum effusum, Enneapogon nigricans) are part of communities today, although they may be more important in northern areas (e.g. Whalley and Lodge, 1987) . However, whether these species did migrate during the last 200 years or were subdominants in the original vegetation is not clear. Also, the status of M. stipoides is unclear, as it is not mentioned in earlier descriptions of botanical change (e.g. Moore, 1970 Moore, , 1993 . There is little suggestion in the literature that M. stipoides was a dominant in the original grasslands, except in the cooler, moister areas to the east of the tablelands in NSW (Whalley et al., 1978) . However, it appears to have become more common following a severe drought between 1979 and 1982 in eastern Australia (Lodge and Whalley, 1989) .
Where cultivation occurs and introduced species are sown with fertilizer (commonly termed 'pasture improvement'), grasslands from Stages I, II, III and IV (see Fig. 11 V (see Fig. 11 .2). Depending on soil conditions (e.g. soil acidity) and the success of establishment, resultant pastures can range from highly successful sown pastures to those with only low proportions of exotic species present (Doing, 1972; Kemp and Dowling, 1991; Garden et al., 1993; . There is some evidence that pasture composition can move from Stage V to VI (see Fig.  11 .2) under the influence of increased soil acidity, reduced fertilizer, drought and overgrazing (Hutchinson, 1992; Garden et al., 1993; Hutchinson and King, 1999) . These effects, loosely described as 'pasture decline', have concerned researchers and others for some time (Cook et al., 1978; Archer et al., 1993; Wilson and Simpson, 1993; Cocks, 1994; Lodge, 1994; Martyn, 1995; Dowling et al., 1996; Jones, 1996; Bolger and Garden, 1998; Hutchinson and King, 1999) , since sowing pastures of exotic species is an expensive exercise (Vere et al., 1997) . However, Hutchinson (1992) has argued that if sown perennial grasses can be maintained in pastures, they can provide strong competitive exclusion of annuals, allowing the pasture to be maintained in Stage V. Despite this last point, Stage VI pastures represent a situation that is common on the tablelands of NSW , and it is often difficult to tell the difference from Stage III, unless paddock history is known. While there are some remaining introduced perennial grasses, the proportion is low (Doing, 1972; Dowling et al., 1996) . The bulk of the perennial species may be made up of native yearlong green grasses (e.g. Austrodanthonia spp., M. stipoides) Whalley, 1991, 1993; Munnich et al., 1991; Garden et al., 2000a) . Depending on season and fertilizer, intertussock spaces are filled with introduced cool-season annual grasses and legumes and broad-leaved weeds Kemp et al., 1996) . Such pastures are stable (Bolger and Garden, 1998) and productive under a wide range of conditions, providing the perennial : annual ratio is high, as for the sown perennial situation described by Hutchinson (1992) . Wilson and Simpson (1993) suggest that there is a need for a different view of sown pastures, because, in reality, few pastures are entirely composed of the species sown and levels of 25% sown grass and 25% legume might be considered satisfactory.
Progress to Stage IV (see Fig. 11 .1) from VI (see Fig. 11 .2) results when a pasture is destabilized, perennial grasses are reduced and bare areas are created, which allow recruitment sites for annual grasses (Cocks, 1994; Prober and Thiele, 1995; Dowling et al., 1996; Jones, 1996; Wallace, 1998) . This situation can be created by overgrazing caused by drought and high stocking rates (Cook et al., 1978; Kemp and Dowling, 1991; Hutchinson, 1992; Hutchinson and King, 1999) . Stage IV is an inherently unstable system (Wilson and Simpson, 1993; Kemp et al., 1996; Bolger and Garden, 1998) , as, during normal dry seasons and extended droughts, there is limited ground cover, making changes in botanical composition unpredictable and reliant on timing of rainfall events.
Factors in Botanical Change
Vulnerability to invasion Mack (1989) has noted that the temperate grasslands of Australia, South America and western North America show a common pattern of vulnerability to invasion by exotic plants, in contrast to grasslands in Eurasia, Southern Africa and central North America. The characteristics of the former grasslands which make them vulnerable to invasion appear to be related to the morphology and phenology of the dominant grasses and the grazing pattern under which these grasses evolved (Mack, 1989) . The vulnerable grasslands are dominated by caespitose (tussock) grasses, which develop by intervaginal tillering, in which emerging tillers remain erect inside the leaf sheath and are therefore more exposed to grazing by ungulates than tillers of stoloniferous or rhizomatous (non-caespitose) grasses. Since caespitose grasses also rely more on sexual reproduction than non-caespitose grasses, a reduction in flowering tillers by grazing and the sensitivity of seedlings to grazing mean that these grasses are more at risk (Noble and Slatyer, 1980; Mack, 1989) .
Another factor that is common in the vulnerable grasslands is the lack of large mammalian grazers in their evolution. These animals affect perennial grasses by both selective grazing and trampling, situations where caespitose grasses are more affected than non-caespitose grasses. A further factor is the effect of trampling on intertussock plants and the crust of mosses and lichens, which occurs in the intertussock spaces. While this disturbance is damaging to the original plants and their seedlings, it provides an ideal environment for exotic plants that have evolved under these conditions. Thus, the combined effects of introduction of ungulates into vulnerable grasslands together with exotic plants have been the destruction of native caespitose grasses, the dispersal of exotic plants and the preparation of a suitable seed-bed for plants that are more suited to the changed conditions (Mack, 1989) .
Climate
Climatic effects are generally long-term. However, subtle shifts in, say, rainfall pattern can have effects over a shorter period (e.g. increased summer rain may increase the proportion of summer-growing species). Climate frequently interacts with other factors affecting composition. For example, grazing pressure on pastures increases dramatically during drought, as stock attempt to survive on less and less feed. Perhaps one of the greatest effects on the composition of grasslands in temperate south-east Australia has been the extreme grazing pressure applied during droughts (e.g. Hutchinson, 1992) . Although normal grazing may have been moderate on a particular area, the need to maintain animals on pastures that have little or no growth for long periods may result in extreme pressure being applied to plants. In addition, following drought, plants that are best able to adapt to the changed conditions are often annual species and weeds, which, with their higher seed production, are better able to colonize bare areas (Pettit et al., 1995; Hutchinson and King, 1999 ) that have been created during the drought. Figure 11 .4 shows the number of seedlings of a range of species germinating from undisturbed soil cores taken from a grazed native grass-based pasture (Austrodanthonia spp. dominant) on the southern tablelands of NSW. Exotic species are normally minor components of this pasture (Garden et al., 2000a) , but, following a drought in 1994/95 and above-average rainfall in 1995/96, the numbers of annual legume and grass and broad-leaved weed seeds in the cores increased dramatically. The importance of episodic events (e.g. droughts, unseasonal rainfall) in controlling botanical change in grasslands should not be underestimated.
Grazing
The reason grazing pressure affects composition so dramatically is that certain plants are better adapted to grazing than others, mainly through their structure (location of buds and growing points) or the way they utilize stored reserves to recover from grazing (Whalley et al., 1978) . In general, the taller tussock-forming grasses do not tolerate grazing as well as shorter, stoloniferous species (Mack, 1989) or introduced species that have evolved under close grazing. A summary of the response to grazing of a number of perennial native grasses is given by Lodge and Whalley (1989 (Whalley et al., 1978) . Jones (1996) has highlighted the possible evolutionary and reproductive strategies of taller caespitose grasses (e.g. T. triandra) and the shorter M. stipoides and Austrodanthonia spp. as mechanisms that may explain the outcome of competition under grazing. This is based on the observations of Pettit et al. (1995) that perennial species that are adversely affected by grazing and rely on seed for regeneration are at a disadvantage compared with 'facultative seeder/resprouters', which are able to resprout from protected buds or recruit from seed. Noble and Slatyer (1980) have also discussed these mechanisms and noted that species may become locally extinct if the adult population is lost and no propagules (seeds) remain to allow regeneration. Jones (1996) suggests that M. stipoides and some species of Austrodanthonia may be 'facultative seeder/resprouters', and this may explain their dominance in current pastures that have been heavily grazed. This is supported to some extent by the observation that Austrodanthonia racemosa appears to have extravaginal tillers (P. Linder, personal communication), allowing tillers to grow horizontally along the ground under heavy grazing, where they are more protected. Microlaena stipoides is also reputed to have a rhizomatous or stoloniferous habit under grazing (Whalley et al., 1978; McIntyre et al., 1995) . Certainly, both these species appear to form 'grazing lawns' (Jones, 1996) , as described by McNaughton (1984) .
Data from a survey on the southern tablelands of NSW (Garden et al., 2000b) suggest that introduced perennial grasses and the native species M. stipoides and Austrodanthonia spp. generally tolerate grazing better than other native grasses (Fig. 11.5 ). The main species in this latter group were T. triandra, Poa sieberiana, Austrostipa spp., B. macra and A. ramosa. While these data indicate possible different responses to grazing by different species, there are very few experimental data to confirm this. Lodge and Whalley (1989) have summarized the responses to grazing in a number of experiments in south-east Australia and concluded that there were at least two reasons why significant changes were not apparent. First, many experiments were only relatively short-term, whereas changes in species composition may be of a more long-term nature (Wilson and Simpson, 1993) . Allied with this is the possibility that changes may be dependent on episodic events, such as droughts or favourable rainfall. Secondly, all the reviewed experiments were carried out on pastures that had already been extensively modified (Moore, 1993) and therefore treatments may have had to have been more severe than (or of a different nature from) those that had previously given rise to the existing plant communities. Some experimental results (e.g. Garden et al., 2000a) indicate that pastures in Stages III and VI (see Figs 11.1 and 11.2), and dominated by yearlong green C 3 native grasses (see Fig. 11 .3) are stable under a wide range of grazing regimes. Although the data in Fig. 11 .5 suggest that introduced perennial grasses are tolerant of grazing, they do not normally recruit well from seed in grazed pastures under Australian conditions (Jones, 1996; Virgona and Bowcher, 1998; Hutchinson and King, 1999) . This may partly explain the phenomenon of 'pasture decline', as any mortality of existing plants cannot be replaced by recruitment of new plants from seed (Noble and Slatyer, 1980) . This is shown by the data of Hutchinson (1992) , who found in a long-term experiment that basal cover of P. aquatica was reduced during major droughts, especially at high stocking rates. Without the ability to recruit from seed, the population of P. aquatica plants stabilized at successively lower levels following each drought. Spaces formerly occupied by phalaris were taken by annual grasses, which suggests that the pasture was moving from Stage V or VI towards IV (see Figs 11.1 and 11.2). Hutchinson and King (1999) use the term 'annualization' to describe these changes.
While allowing for the possibility of poor climatic adaptation of introduced perennial grasses, Hutchinson and King (1999) attribute the loss of introduced perennial grasses mainly to a combination of reduced N economy, as legumes decline with time, and strong preferential grazing of these grasses. Clearly, this makes them more vulnerable under high stocking rates, even if they are generally tolerant of grazing. Wilson and Simpson (1993) also concluded that continuous grazing by sheep, especially at high stocking rates, shifts the balance in favour of annual species and weeds, mainly by increased selection of the perennial grasses by animals.
Considerable effort has been expended in investigating the use of grazing management to reverse the decline in perennial grass content in both natural and sown pastures (Lodge, 1994; Fitzgerald and Lodge, 1997; Mason et al., 1997; Lodge et al., 1998) . While some success has been achieved (e.g. Dowling et al., 1996; Kemp et al., 1996) , there has been no evidence that pastures can be successfully moved from Stage VI to V, let alone from Stage IV to any other state. However, Lodge et al. (1998) and Hutchinson and King (1999) remind us that, whatever grazing system is used, adequate fertilizer is required for persistence of sown perennial pastures.
Fertilizer
Indigenous Australian plants have evolved in soils which are low in N and P and, in general, many of these plants are unable to tolerate higher levels of fertility (Groves, 1999) . However, introduced perennial and annual grasses can utilize increased nutrient levels successfully. Their greater growth allows them to crowd or shade competing plants, thus leading to changed composition. There are also differences in this regard between species of native perennial grasses. For example, data from the southern tablelands of NSW show that M. stipoides and Austrodanthonia spp. respond better to increased fertility (superphosphate plus legume N) than many of the other native grasses (Fig. 11.6 ). However, while Robinson et al. (1993) found an association between abundance of Austrodanthonia spp. and applied fertilizer in a similar environment, there was no such association for M. stipoides, and neither of these groups was affected by soil phosphorus level. On the northern tablelands of NSW, Whalley et al. (1978) found that frequency of Austrodanthonia spp. (but not other native species) increased with superphosphate application, although Austrodanthonia spp. could be adversely affected by competition from clover. At a finer level, Bolger and Garden (1999) found that responses to applied P and N by eight species of Austrodanthonia differed, in both absolute terms and critical values (nutrient required for 90% of maximum growth). Austrodanthonia racemosa had among the highest critical values for P and N, suggesting that this species has higher requirements for both these nutrients. Robinson (1976) carried out experiments to determine the response of native grasses to N fertilizer and found that, under these conditions, A. racemosa achieved similar dry-matter production to P. aquatica and other introduced perennial grasses. When compared with C 4 native grasses (T. triandra, B. macra), a proper comparison was not possible due to the fact that plants of these species died at the higher N levels. However, using available data, there were substantial differences in favour of A. racemosa, which suggests that it is better able to respond to N than the C 4 grasses. Groves et al. (1973) and Fisher (1974) investigated competition between T. triandra and Poa labillardieri when N and P fertilizers were added, and noted the competitive advantage of Poa over Themeda under higher fertility. Although T. triandra did respond to increased fertility, it appears to be disadvantaged when species are present that can better respond to increased nutrition. Therefore, T. triandra is likely to decrease in fertilized pastures, when competing species, such as introduced perennial grasses, cool-season annual grasses, some C 3 native perennial grasses (e.g. Austrodanthonia spp., M. stipoides, Poa spp.) and broad-leaved weeds, are present.
The main purpose of applying fertilizer to pastures is usually to encourage sown exotic species. If application is continued, the proportion of sown species increases and, hopefully, a stable pasture phase is reached. However, many sown pastures remain unstable and can be reinvaded by native species, annual grasses and weeds at any time (Lodge and Whalley, 1989) , especially if fertility declines. This is shown in Figs 11.1 and 11.2 by the paths between Stages V and VI and between Stages VI and III and IV, and corresponds with the circumstances termed 'pasture decline'.
The data in Fig. 11 .6 indicate that application of phosphorus fertilizer (together with a legume) is likely to increase the proportions of M. stipoides, Austrodanthonia spp. and any sown species in a pasture and to decrease other native species. Lodge and Whalley (1989) also cite many instances where application of fertilizer and legumes has altered composition. However, there are no reports of changes caused by reduced fertilizer input. Despite this, there is no doubt that much so-called 'pasture decline' is a result of this practice. For example, Garden et al. (1993) reported many instances where landholders described paddocks as 'improved', but admitted that little or no fertilizer had been applied in the last 10 years. In most cases, these paddocks were a mixture of native perennial grasses (principally Austrodanthonia spp. and M. stipoides) and naturalized annuals, while sown perennial grasses had largely disappeared. While other soil factors may be important (e.g. soil acidity), declining fertility is likely to be as important as increasing fertility in contributing to botanical change.
Fire
Australian native vegetation, including grasses, has evolved under a higher fire frequency than at present and is generally tolerant of fire (Gill, 1975; Fox, 1999) . Initially fires were caused naturally (e.g. lightning strikes), but the arrival of Aboriginal people increased the frequency of fires, as they used fire as a tool to manage vegetation for their own purposes. In fact, there is evidence that, by frequent burning, Aborigines helped to develop and maintain grasslands (Christensen and Burrows, 1986) . 
Other native grasses
Nil fertilizer More than 2 t ha -1 Average basal cover (%) Fig. 11 .6. Effect of total superphosphate applied on the basal cover of introduced species, Microlaena stipoides, Austrodanthonia spp. and other native grasses present in grazed pastures on the central and southern tablelands of New South Wales.
However, the much later arrival of European settlers and their different attitude to the use of fire meant that there was a change in the frequency and intensity of fires, and this change again influenced composition of vegetation (Fox, 1999) . The assumption has been that fire frequency has been less after European settlement than before. Also, intensity of fires altered as areas were alternately protected (for safety), but then burnt by wildfires (Christensen and Burrows, 1986) .
Effects of fire vary depending on species composition, amount of herbage present, season of the year, frequency and intensity of burning and how plants are grazed following burning (Gill, 1975; Lodge and Whalley, 1989) . Literature on effects of fire on vegetation frequently mentions the concept of 'sprouters' and 'non-sprouters' (seeders) (Gill, 1975 (Gill, , 1981 Christensen and Burrows, 1986; Fox, 1999) . Plants that are adapted to fire are often good sprouters from protected buds. In the case of perennial grasses, buds can be protected within large tussocks, allowing recovery from fire. Wedin (1995) has likened fire to grazing and has used this analogy, together with C/N and lignin/N ratios, to show that fire favours the dominance of C 4 grasses, in this case, in North American tall-grass prairie. The core of his argument is that N controls the dynamics of grassland, and fire, by volatilizing N, maintains low N status, thereby favouring the C 4 dominants (see section on ecological processes underlying botanical change below).
On the other hand, fire can be a potent agent in allowing invasion of exotic species into grasslands and other native communities, depending on community structure, the nature of the invaders and the fire regime (Christensen and Burrows, 1986) . Groves (1999) has highlighted the interaction between grazing and fire in affecting composition of grasslands. Essentially, if continuous grazing occurs soon after a fire, plant reserves may be depleted in some grasses, to the point where mortality occurs and botanical composition is changed. In southern Australia, this usually favours C 3 grasses compared with the original C 4 dominants (Groves, 1999) .
Disturbance
The general concept of disturbance as a factor in botanical change is well accepted. Fox (1986) , in a well-argued review, concluded that there can be no invasion of natural communities without disturbance. However, the degree of invasion of a community depends on its susceptibility (Fox, 1986; Mack, 1989 ) and the intensity of disturbance. One of the most dramatic ways of changing pasture composition is disturbance by cultivation (or herbicide) and the sowing of introduced species. Effects can be very long-lasting and, often, irreversible over the shorter term. Most native species do not tolerate disturbance of this type, although the effects may vary. For example, Munnich et al. (1991) found that cultivation reduced the abundance of Austrodanthonia spp. but not of M. stipoides, although this may just reflect the ability of M. stipoides to recover from disturbance, as measurements were made several years after cultivation. There may also be differences between different species of Austrodanthonia, as Scott and Whalley (1982) found that A. bipartita (syn. Danthonia linkii var. linkii) was little affected by cultivation, in contrast to other species of Austrodanthonia.
Survey data (Garden et al., 1993) reveal that, despite cultivation, many previously sown pastures can recover with time and be recolonized by native perennial grasses. However, there are two important caveats. First, many of these areas are on shallow, infertile soils and there is no guarantee that an adequate establishment of introduced species was obtained at sowing. Secondly, almost without exception, these areas are not recolonized by the original taller caespitose C 4 dominants (e.g. T. triandra), but by the same species that become dominants in Stage III (i.e. year-long green C 3 species). In our view, the most destructive effects of cultivation occur if it is repeated. While recovery can occur from one or more cultivations in a single season for pasture establishment, repeated cultivation over a number of years (e.g. as part of a cropping rotation) can cause rapid 'annualization' of pastures (Robinson et al., 1993) .
In south-east Australia, herbicides are used as a substitute for cultivation for pasture establishment by 'direct drilling' (Simpson and Langford, 1996) or as a means of reducing seed set of annual grasses by the practice of 'spray-topping' (Wallace, 1998) . While direct drilling is not a common practice on the tablelands of NSW (Garden et al., 2000b) , it is likely to create the same effect as cultivation, depending on the herbicide used and whether single or repeated applications are made. Austrodanthonia spp. are susceptible to glyphosate at normal rates for pasture establishment, although M. stipoides is quite resistant to this herbicide and some others used against grasses (Lodge and McMillan, 1994; Campbell and Van de Ven, 1996; Simpson and Langford, 1996) . However, both species are highly susceptible to flupropanate, the herbicide commonly used for control of serrated tussock (Nassella trichotoma) (Campbell and Vere, 1995; Campbell and Van de Ven, 1996) . On the other hand, T. triandra and B. macra can tolerate relatively high levels of flupropanate and glyphosate, especially during winter, when vegetation is frosted and growth is low. The tolerance of native grasses to many of the herbicides recommended for annual grass control (Wallace, 1998 ) is unknown.
Invasion of annual species
Apart from deliberate introduction of legumes and grasses, the main source of exotic species in Australia has been the accidental introduction in ships' ballast, stock fodder and imported seed of a range of annual grasses, legumes and weeds (Groves, 1986; Wallace, 1998) . Most are from the Mediterranean region and have become successfully naturalized in Australia. Annual legumes (mainly Trifolium spp.) have changed the N economy of grassland soils, allowing the better-adapted C 3 annual grasses and weeds (and native grasses) to increase and compete strongly with the existing C 4 grasses (Moore, 1967) . While some genera of annual grasses (e.g. Aira, Briza) are adapted to lowfertility soils, others have a wider tolerance (e.g. Vulpia) and still others (e.g. Bromus, Critesion syn. Hordeum) have high nutrient requirements (Whalley et al., 1978) . Therefore, there are few areas in temperate Australia that do not have some of these species present. Also, many agricultural practices (e.g. cultivation, application of fertilizer, grazing) encourage their spread, particularly those with moderate to high fertility requirements. Whalley et al. (1978) have noted the importance of grazing in the spread of naturalized species. In the original grasslands, there was probably a closed canopy because of the low grazing pressure. However, when livestock were introduced, the normal accumulation of plant material during the summer period was reduced, allowing the creation of bare areas in autumn for the germination of cool-season species with the commencement of autumn/winter rains (Whalley et al., 1978) . While grazing management is regarded as a control measure for annual grasses, timing is critical (Wallace, 1998) . Also, the assumption that maintaining a high stocking rate at all times will control annual grasses is invalid, as Hutchinson and King (1999) found that this practice invariably results in 'annualization' of pastures.
Interactions
It is axiomatic that the preceding factors do not operate in isolation and, at any time, there are complex interactions between the various factors. For example, invasion of annual species is affected by the amount of disturbance that has occurred, the current and preceding climate, soil nutrient levels (as determined by edaphic factors, applied fertilizer and recycling of nutrients by animals) and the pattern and amount of grazing. For this reason, the outcome of competition between perennial and annual plants is often difficult to predict. However, in the types of grasslands described here, the net direction of change appears to be from the original perennial C 4 dominants towards year-long green C 3 grasses and annual species.
Ecological Processes Underlying Botanical Change
Very little research has been undertaken to reveal the ecological processes that underlie the patterns of change in Australian temperate grasslands as outlined in Fig. 11 .1, and this situation is largely true for plant community ecology in general. However, recently, the roles of two complementary ecological processes, competition and recruitment limitation, have been recognized as important determinants of plant community structure (Tilman, 1997; Zobel, 1997; Hubbell et al., 1999) . Competition is recognized as having strong effects on plant community structure within a site. Recruitment limitation (the inability of species to disperse, germinate or establish successfully) is considered to be a major factor determining species composition, abundance and diversity between sites. Several recent papers (Tilman, 1997; Zobel, 1997; Hubbell et al., 1999) emphasize the interplay of within-site competitive interactions and site-tosite recruitment limitation as joint determinants of local and regional species composition and diversity. Recruitment limitation is hypothesized to reduce the effects of within-site competitive interactions by generating sites in which inferior competitors escape from competition with their superiors. Interspecific trade-offs between recruitment and competitive ability (Tilman, 1990 (Tilman, , 1994 can explain the coexistence of many competing species.
Competition and recruitment limitation may interact with grazing and other management and environmental factors to determine patterns of change in Australian temperate grasslands (see Fig.  11 .1). Nitrogen is often the most limiting resource in many grasslands (Wedin, 1995) . The original dominants of Australian temperate grasslands were warm-season perennial grasses, which are generally good competitors for N and tend to maintain soil mineral N at low levels (Moore, 1967; Wedin and Tilman, 1993) . Wedin and Tilman (1993) found that the competitive dominants in North American tall-grass prairie are the species that can reduce the concentration of the limiting resource to the lowest level. Reductions in soil mineral N levels under monoculture swards of component species were used to predict competitive outcomes and dominance. Field experiments of two-species mixtures showed that predictions of competitive outcome based on this resource reduction model of plant competition were correct in all cases. Native C 4 grasses reduce soil mineral N levels compared with C 3 species, in part by tying up N in their slowly decomposing litter (Wedin and Tilman, 1990) . These species thus create the low-N conditions in which they are superior competitors. This positive feedback between plant competition and N cycling may be an important process in maintaining the stability of many grassland plant communities (Moore, 1993; Wedin, 1995) , including the Stage I grasslands referred to in Figs 11.1 and 11.2. The similar situation with fire and N levels has been mentioned previously.
Ungulate grazing was the factor that precipitated the change to Stage II pastures dominated by native, cool-season perennial grasses (see Fig.  11 .1). The native, warm-season perennials were poorly adapted to grazing, as discussed earlier.
Grazing reduced the cover and production of these dominants, caused soil disturbance which created open sites for invasion of other species, and increased the rate of nutrient cycling via the animal pathway (e.g. Wedin, 1995) . Under this new regime, the previously subordinate cool-season perennial grasses, such as Austrodanthonia spp., which were more tolerant of grazing and better recruiters, became dominant. Low levels of soil mineral N under Stage I pastures, dominated by T. triandra, prevented invasion by naturalized annual grass species, while Stage II pastures, dominated by Austrodanthonia spp., had higher levels of soil mineral N, allowing the naturalized annual species to invade (Moore, 1993) . Because of trade-offs between recruitment and competitive ability (Tilman, 1990 (Tilman, , 1994 , the dominant species are actually more vulnerable to (local) extinction with changing conditions (e.g. disturbance, habitat fragmentation, extreme climatic events) than less abundant subordinate species . Depending on the circumstances, these extinctions can be catastrophic or may occur long after conditions change -so in this sense they are an 'extinction debt' that comes due in the future. This line of reasoning suggests that the change from Stage I to Stage II pastures is largely irreversible, due to recruitment limitation.
Further grazing and the application of fertilizer caused the change from Stage II to Stage III pastures, with year-long green native grasses increasing and naturalized annual grasses and legumes becoming significant components of the pasture. For competitive exclusion via the resource reduction mechanism to occur, plants must be able to deplete resources to low levels and maintain them at those levels (Wedin and Tilman, 1993) . Thus, nutrient enrichment, via fertilizer application and legume N fixation, further restricts the ability of the native, year-long green perennials to outcompete the naturalized annual species. Along nutrient gradients, competition remains an important force, but the mechanism shifts from being mainly below-ground competition for nutrients in low-nutrient conditions, towards above-ground competition for light in high-nutrient conditions (Wilson and Tilman, 1991; Bolger, 1998 ). There appears to be a tradeoff in the ability of species to compete for soil nutrients or light, due to associated differences in allocation patterns, with good N competitors having high allocation to roots, low tissue N and low allocation to seed (Tilman, 1990) . These dynamics make it easy to understand why changes in species composition occur along nutrient gradients.
Greater fluctuations in soil mineral N under Stage III pastures, in combination with climatic variation, can result in large fluctuations in the proportions of perennials and annuals within and across years (see Fig. 11.3 ). These transient and reversible fluctuations in species composition do not generally cross thresholds and thus these Stage III pastures are considered to be stable under a wide range of conditions (Garden et al., 2000a) . However, continued grazing and inputs of fertilizer, perhaps in combination with an extreme climatic event, such as drought, can destabilize these Stage III pastures and shift them to a state dominated by less stable and less productive annual species (Stage IV). The ecological processes that may cause the loss of the year-long green perennial grasses from Stage III pastures are less clear. The direct effects of grazing on survival of the perennial grasses is one possibility. Another possibility is nutrient eutrophication causing the perennials to be outcompeted by the annuals for light. But there is also the possibility of a 'filter' effect (sensu Torssell and McKeon, 1976; Grime, 1998) of the annual species, with competition acting to prevent ('filter') recruitment of new perennial plants (e.g. Lodge, 2000) . This recruitment limitation could result in slow or catastrophic loss of the perennial grasses, depending on conditions. It is unclear if this change from Stage III to Stage IV pastures is reversible. However, as the year-long green perennials are good recruiters, it seems plausible that removing the filter effect of the annuals by reducing fertility, or appropriate climatic conditions, or both, could result in the successful recruitment of year-long green perennials, allowing reversion to Stage III.
These ecological processes are hypothesized to operate in a similar manner in determining species composition in cultivated situations, as outlined in Fig. 11 .2. The main difference is that the introduced perennial grasses are poor recruiters, so changes in pasture states (Stage V to Stage VI, and Stage VI to Stage III or Stage IV) due to loss of these species are considered essentially irreversible, due to recruitment limitation.
Although we have provided some support for the role of these ecological processes in determining patterns of change in Australian (native) temperate grasslands, much of this section remains hypothetical, awaiting experimental testing. Nevertheless, the recognized importance of the complementary roles of competition and recruitment limitation in structuring such diverse plant communities as wetlands (Weiher and Keddy, 1995) , calcareous grasslands (Burke and Grime, 1996) , tall-grass prairie (Tilman, 1997) and tropical forests (Hubbell et al., 1999) suggests that these processes are generic and likely to be important in Australian temperate grasslands as well.
Vegetation Effects on Ecosystem Function and Sustainability
Ecosystem function can be defined as species-environment interactions in the transformation and flux of energy and matter (carbon, water, mineral nutrients) as determined by ecological processes, such as primary productivity, decomposition, evapotranspiration, competition and recruitment. The functioning of ecosystems is widely recognized to depend on the identities of the species that the ecosystems contain (Huston, 1997; Tilman et al., 1997; Grime, 1998) . Further, it has been argued that a relatively small set of plant and animal species and abiotic processes is critical for determining ecosystem function (Holling, 1992; Walker, 1992) , and these species and processes necessarily vary in different ecosystems. When ecosystems become degraded by overexploitation to the point where formerly dominant species are eliminated or largely replaced, it is often possible to demonstrate a causal connection between changes in species composition (or losses in biodiversity) and declines in ecosystem function and its benefits, such as clean water and air, which are required by society (Chapin et al., 1998; Grime, 1998) . The effects of species identity and species richness on ecosystem function has been a current and controversial topic in the recent ecological literature (Huston, 1997; Tilman et al., 1997; Chapin et al., 1998; Grime, 1998) . A reason for the controversy is that the underlying mechanisms for these effects are not clear. Do more species simply increase the probability of having a single productive species that controls ecosystem function? Or do more species allow the community to tap more resources because these species differ in the timing or rooting depth at which they acquire resources? A 'mass ratio' hypothesis recognizes that, even in species-rich vegetation, most of the plant biomass may be accounted for by a small number of dominant species, and proposes that the immediate effects on ecosystem function are in proportion to contributions to plant biomass, are determined largely by the traits and functional diversity of the dominant plant species and are relatively insensitive to the richness of subordinate species (Grime, 1998) . However, species whose effects on ecosystem processes are similar often differ in their responses to environmental variations (e.g. a C 3 and a C 4 perennial grass), or they would be unlikely to coexist in the community. Consequently, a higher species diversity would increase the probability that the processes will be sustained, even if a particular species is lost in response to some extreme event or to a directional change in the environment Chapin et al., 1998) . In this case, the co-occurrence of species in a community with similar ecological effects does not necessarily imply that these species are 'redundant' (sensu Walker, 1992) . Further, in habitats that are spatially heterogeneous, no species would be competitively superior throughout the entire habitat. Different species dominating in different patches would lead to better resource capture and increase total community biomass . The effect of species diversity on the proportion of environmental conditions 'covered' by at least one species depends on the size of the niche of each species relative to the range of environmental conditions in the habitat .
Attribution of immediate control of ecosystem function to dominant plant species does not exclude subordinate species from involvement in the determination of ecosystem function and sustainability. Consistent associations between certain dominant and subordinate species may reflect a complementary exploitation of habitat, resulting in a more complete capture of resources and minor benefits to productivity. Evidence of complementarity between dominant and subordinate members of a plant community was presented by Campbell et al. (1991) . Dominance was achieved by the development of a coarse-grained architecture, in which main roots and shoots spread rapidly through a large volume of habitat, with rather imprecise concentration in resource-rich sectors. A complementary foraging mechanism was recognized in subordinates, where resource capture was achieved by a precise but local concentration of roots and shoots in resource-rich patches.
Perhaps more importantly, subordinate species are suspected to play a crucial, if intermittent, role by influencing the recruitment of dominant species (Grime, 1998) . Subordinate species may act as a filter, influencing regeneration by different potential dominant species following changes in management, disturbance or extreme climatic events. According to this hypothesis, the significance of plant species diversity in relationship to deterioration of ecosystem function may arise primarily from its effects on the recruitment of dominant species, rather than any immediate effects of species richness per se.
The key ecosystem functions relating to sustainable land use which are under threat in southern Australia due to land use and vegetation changes are deep drainage, N leaching and loss of ground cover. Ecosystem degradation results where deep drainage leads to dryland salinity, N leaching leads to soil acidification or loss of ground cover leads to soil erosion and declining water quality. The presence and persistence of a substantial perennial grass component in these grasslands are a key factor in stabilizing these ecosystem functions and maintaining sustainable grazing enterprises (Bolger and Garden, 1998) .
Dryland salinity results from the removal of deep-rooted perennial vegetation (often trees and shrubs) and replacement with shallow-rooted (usually annual) crops and pastures. This leads to increased drainage of water below the root zone, rising water tables, mobilization of salt stored in the regolith and intersection of saline groundwater tables with the soil surface in lower parts of the landscape. Soil acidification is caused by the mineralization of fertilizer ammonium and N 2 -fixation by legumes, followed by leaching of nitrate below the plant root zone. Loss of vegetative ground cover, especially of perennial species, results in increased soil erosion and loss of nutrients from the land surface and in declines in stream water quality from soil particles and attached nutrients.
The patterns of change in Australian temperate grasslands (see Figs 11.1 and 11.2) can be related to changes in these ecosystem functions. Stage I grasslands dominated by warm-season grasses, such as Themeda, are considered to be deep-rooted, and their summer-active growth habit results in a greater depletion of soil water in autumn, before the start of the winter-spring growing season (Johnston et al., 1999) . This can result in reduced water loss to deep drainage, which should reduce the risk of dryland salinity. In addition, grasslands dominated by Themeda maintain soil mineral N at low levels (Moore, 1967) , which results in reduced N leaching and soil acidification. The maintenance of low soil mineral N levels by Stage I grasslands prevents invasion of annual species (Moore, 1993) , and thus these grasslands have a high proportion of perennial ground cover, which leads to low rates of soil erosion. Thus the attributes of the perennial, summer-active vegetation, which dominates Stage I grasslands, tend to stabilize these key ecosystem functions.
At the other extreme are Stage IV grasslands, dominated by annual species, where perennial species are absent or a minor component. With the loss of perennial species, there is little or no growth in response to summer and early-autumn rains and there are low levels of ground cover for much of the year. These attributes can lead to greater deep drainage and N leaching and increased risks of dryland salinity, soil acidification and soil erosion. These Stage IV grasslands can be characterized as being unstable in regard to these ecosystem functions, and thus unsustainable.
The effects of intermediate stages of vegetation change, such as Stage II, III and V grasslands, on these ecosystem functions are less clear. To the degree that these grasslands have a dominant component of perennial species, it is reasonable to hypothesize that their effect on these ecosystem functions is closer to that of Stage I rather than Stage IV grasslands. However, the identity and particular attributes of the dominant perennial species may still be important. For example, M. stipoides, which is a dominant species in Stage III grasslands, is more summer-active than Austrodanthonia spp., and introduced perennial grasses dominant in Stage V grasslands are less summer-active and tend to have higher soil mineral N levels in autumn than Themeda or Austrodanthonia spp. (Moore, 1967) . A better recognition and understanding of the role of vegetation in key ecosystem processes will assist in developing grassland systems and management practices that are both environmentally and economically sustainable.
Conclusions
The temperate grasslands of south-east Australia provide an interesting example of the effects of competition on changes in botanical composition. The initial factors triggering change in grassland structure were the susceptibility of the grasslands to invasion and the introduction of exotic species. Competition and recruitment limitation, influenced by climate, fire, grazing, fertilizer, disturbance and their interactions, then produced changes that were in many cases irreversible, at least in the short term. The role of N, as described by Wedin (1999) , appears to have been pivotal in these changes.
Grasslands in south-east Australia currently exist in many states, but rarely without a proportion of annual species present. These introduce instability into such grasslands, as their influence on the dynamics of perennial grass populations can be large. The proportion of year-long green native perennial grasses has been maintained or enhanced in many grasslands compared with the undisturbed state, and it is the balance between these species and annual species that governs grassland stability. The proportion of perennial species also contributes to sustainability by reducing deep drainage, nitrate leaching and soil erosion and by providing persistent forage for grazing animals.
In this chapter, the value of understanding the underlying processes controlling changes on botanical composition has been emphasized, but these mechanisms have not been tested experimentally in the grasslands of temperate south-east Australia. It is important that work is done at this level to understand the principles involved so that management systems for these grasslands, both for agricultural production and for conservation, can be developed on a sound ecological basis.
Notes
1. Grasslands which have not been deliberately sown to introduced species. However, they may have naturalized species present. 2. The nomenclature of Jacobs and Everett (1996) is used throughout for Australian species formerly in the genus Stipa. 3. The nomenclature of Linder and Verboom (1996) , as corrected by Linder (1997) , is used throughout for Australian species formerly in the genus Danthonia.
